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ABSTRACT
Quantifying microbial biomass is important for understanding microbial contribution to
nutrient cycling and population flux. Widely accepted biomass estimation methods are
sufficient for well-studied and high biomass systems, though are often not sensitive enough
for systems with extremely low biomass. The McMurdo Dry Valleys of Antarctica are
characterized as an extremely harsh environment with severe restrictions on life, with
perhaps some of the lowest biomass in the world. We measured prokaryote biomass across
Taylor and Wright Valleys using four estimation metrics to determine the most appropriate
method for this ecosystem. The chloroform fumigation method was not sensitive enough
for the extreme low biomass, with roughly half of the results negative values. Total DNA
quantification was highly correlated with the most edaphic variables, including pH and
conductivity. Soil moisture did not show a relationship with any of the metrics. Nucleic
acid methods of quantifying prokaryote biomass are sensitive enough for low biomass
systems, and produce biologically meaningful results.
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Introduction
The McMurdo Dry Valleys (MDVs), Antarctica experience extreme
environmental conditions including low temperatures, minimal available water, and
intense ultraviolet radiation. As a consequence, this is a microbially dominated
ecosystem; higher plants and animals are absent, and a limited diversity of protozoans
(Bamforth et al., 2005; Adams et al., 2006) and invertebrates are endemic to the region
(Freckman and Virginia, 1997; Treonis et al., 1999; Wall and Virginia, 2013). The soils
are among the harshest habitats in the region with soil moisture, salinity, and organic
carbon availability imposing primary constraints on life (Wall and Virginia, 2013; Van
Horn et al., 2014). Initial investigations of MDV bacterial communities using culturing
techniques yielded only a handful of unremarkable bacterial isolates, leading to the
conclusion that these soils were essentially sterile and inhabited solely by exogenous
organisms incapable of functioning under these conditions (Horowitz N. H. et al., 1969;
Horowitz et al., 1972). However, with the application of molecular biology techniques to
investigate MDV soil biodiversity, a surprising bacterial richness has been revealed
(Zeglin et al., 2009; Cary et al., 2010; Smith et al., 2010; Niederberger et al., 2012; Van
Horn et al., 2013; Chan-Yam et al., 2019). Manipulation experiments and enzymatic
assays have shown that these communities are active (Zeglin et al., 2011; Schwartz et al.,
2014), and respond rapidly to changes in water and carbon availability (Van Horn et al.,
2014; Buelow et al., 2016; Niederberger et al., 2019).
Whereas our appreciation of the bacterial diversity and function has grown in
recent decades, we know little about the abundance and distribution of bacterial biomass
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in MDV soils. An accurate estimate of bacterial biomass is fundamental to understanding
their importance to carbon storage and flux through the ecosystem, yet direct estimates of
cell abundance are challenging, and indirect methods are not without bias (Butterwick et
al., 1982; Martens, 1995; Islam and Wright, 2004). This is especially problematic in soil
communities, where intrinsic issues with microscopy, staining, and cell counts are
compounded with difficulties distinguishing or isolating cells from the soil matrix.
Alternative methods of estimating microbial biomass from proxies for live cells such as
extractable carbon after chloroform fumigation and nucleic acid quantification can result
in overestimation due to humic material and other co-extracts (Jenkinson, 1966; Leckie et
al., 2004; Bonk et al., 2018), which can vary by ecosystem type. It is important to assess
multiple methods in different settings to identify the most accurate and appropriate
method for a system.
Climate models in Antarctica predict that the continent will become warmer and
wetter (Bracegirdle et al., 2008). With summer air temperatures hovering around the
freezing point, more days above 0°C in the MDVs could significantly increase water
availability to soil communities via annual streamflow, permafrost thaw, and prolonged
lake ice melt. Increased flow could lead to more connectivity between the isolated basins,
potentially homogenizing biologically distinct communities. Homogenization could
transport nutrients and liquid water to historically limited zones, and lead to population
booms.
This simplified ecosystem makes it an ideal setting to compare microbial biomass
methods while limiting known biases, as well as determine a method pertinent to low
biomass settings. Multiple methods utilized on a range of sample types across a large area
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may reveal a pattern among the methods. Additionally, this comparison may show a
relationship among biomass metrics, edaphic characteristics, and community
composition. While microbial diversity in the McMurdo Dry Valleys has been attributed
to local shifts in pH near snowpacks (Van Horn et al., 2013) and salinity near lakes
(Zeglin et al., 2011), and regionally by geochemical processes (Barrett et al., 2006b), it is
unclear if biomass follows this same pattern.
In this study, four major biomass estimation methods will be analyzed: the
chloroform fumigation-extraction method (CFE) (Vance et al., 1987; Zeglin et al., 2009),
quantitative PCR of the 16S rRNA gene (Knox et al., 2017), total nucleic acid
quantification (Joergensen and Emmerling, 2006; Gong et al., 2021), and cell counts
enumerated using SYBR gold nucleic acid stain (Lisle and Priscu, 2004). An ideal
method would be accurate, inexpensive, and efficient enough for high throughput sample
analysis. We aim to address two questions: 1.) Are biomass metrics in low biomass
systems correlated and 2.) can soil bacterial abundance be predicted from edaphic
characteristics?

Methods
Site Description
The MDVs are the largest ice-free region in Antarctica (Levy, 2013) and
represent one of the most extreme environments on Earth (Fountain et al., 1999; Lyons et
al., 2000; Doran et al., 2002). The MDVs have been monitored by the National Science
Foundation funded Long-Term Ecological Research Project since 1993, with focus
primarily on the Taylor and Wright Valleys, as well as Miers Valley and others. Mean
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annual temperatures are between -15 and -30°C, with summer averages hovering around
0°C. Total annual precipitation is usually less than 10 cm as snow (Lyons et al., 2000),
most of which sublimates before being absorbed by the soil or accumulates in naturally
forming polygon cracks (Chinn, 1993; Eveland et al., 2013). Accumulated snow can melt
slowly and add moisture to underlying soil, evaporation mitigated by the snowpack itself
(Gooseff et al., 2003). The Taylor and Wright Valleys together consist of five basins,
each with a biologically and chemically distinct lake. Lakes remain frozen year-round,
covered by several meters of ice. In the summer a liquid moat forms along the shore,
creating a wetted soil-lake interface or hyporheic zone, which extends several meters up
the shore, providing moisture to soil communities along lake margins (Zeglin et al., 2009,
2011). Consequently, nutrient and salinity gradients form locally along these moisture
gradients through evapoconcentration (Barrett et al., 2009; George et al., 2021) and
regionally within the valleys (Van Horn et al., 2013). Typically, younger soils which
have more recently been exposed following glacial retreat are nitrogen limited, while
soils that have been exposed longer are phosphorus limited (Burkins et al., 2000; Barrett
et al., 2007). These extremes severely limit life to microscopic communities, dominated
by bacteria and archaea with limited eukaryotic distribution, including tardigrades,
rotifers, protists, fungi, arthropods, and nematodes, many of which are endemic (Adams
et al., 2006). The area is void of vascular plants, with primary production limited to algae,
mosses and cyanobacteria.
Soil moisture in exposed MDV mineral soils ranges from 0.25 to 3% by weight
(Barrett et al., 2004, 2006a). The primary sources of soil moisture are transient snowfall
events and melt from seasonal snowpacks deposited by winter precipitation events and
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snow movement from the polar plateau (Gooseff et al., 2003). MDV soil salinity ranges
widely (19 to >7000 µS cm-1) with a threshold of ~1000 µS cm-1 found to limit the
distribution of eukaryotes (Bockheim, 1997; Barrett et al., 2004; Poage et al., 2005).
Soil organic carbon is low in the MDV, with concentration averages ~0.03% by
weight (Burkins et al., 2001; Barrett et al., 2004). Soil organic carbon originates largely
from in-situ primary production, primarily restricted to areas surrounding water sources
(Moorhead et al., 2003), but also from organic carbon fixed by the autotrophic members
of endolithic communities (Friedmann et al., 1993). Aeolian dispersal of contemporarily
produced organic matter from lake and stream microbial mats and sediment (Moorhead et
al., 1999) is important in the distribution of carbon across the MDV landscape to less
productive areas. At much greater time scales, climatic variation controls MDV
hydrologic cycles resulting in significant lake level fluctuations, which expose lacustrine
sediments to aeolian transport. Stable isotope analysis of soil organic carbon indicates
that this legacy carbon continues to be an important source of organic matter for MDV
mineral soils (Burkins et al., 2000, 2001).

Sample collection, preservation, and edaphic characteristics
The Taylor and Wright Valleys were sampled during the austral summer between
8 January and 20 January 2020. Sampling sites were selected based on two major soil
water interfaces: near accumulated snowpacks (“snow”) and along lake shores (“lake”)
(Figure 1A). The wetted soil margin moving out from the water source was measured
and divided into three transects near snow and four transects near lakes in order to
capture naturally forming chemical and soil moisture gradients. Both transect types were
taken in triplicate rows one meter apart, with a total of nine samples collected per snow
5

and twelve samples collected per lake. Five snow sites and three lakes were sampled for a
total of forty-five snow and forty-eight lake samples. The closest transects were directly
touching the source water (zero distance), the furthest transects were located at the edge
of the visible wetted soil margin, with the middle transects evenly spaced between the
outer transects (Figure 1B). Soil temperature was measured at the most central location
of the grid. The top cement layer of the soil was brushed aside with a sterile metal
spatula, and UV sterilized plastic spades were used to scoop three times into a WhirlPak
bag for one composite sample. Samples were immediately preserved upon arrival in the
field laboratory for nucleic acid analysis and microscopy. An aliquot of soil (1 g) was
preserved in 1mL of sucrose lysis buffer (SLB, 20 mM EDTA, 200 mM NaCl, 0.75 M
sucrose, 50 mM Tris-HCl, pH 9.0) for nucleic acid preservation and kept frozen at -4°C
or colder, until transfer to -80°C once back from the field (Mitchell and Takacs-Vesbach,
2008). An additional aliquot of soil (1 g) was preserved for microscopy analysis in 3 mL
of 4% formalin (Frossard et al., 2016), flash frozen in liquid nitrogen, and stored at 80°C. Preserved samples were transported at -80°C to the University of New Mexico for
further analysis.
Physical and chemical data were collected using standard procedures. Gravimetric
water content, pH, and conductivity (a proxy for salinity) were measured 2 to 14 days
after collection, following methods standard for previous MDV soil processing (Barrett et
al., 2002). Briefly, soil moisture was measured with approximately 40 g of soil dried at
105°C for 24 hours, and dry mass subtracted from field moist mass to determine water
content. pH was measured at 1:2 solution of soil to DI water on an Orion pH meter, and
conductivity measured at a 1:5 solution of soil to DI water using a YSI conductivity
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meter. Percent organic carbon and total nitrogen were measured using a Flash EA 1112
elemental analyzer.
A

B

Figure 1. Map of the Taylor and Wright Valleys and sampling scheme. (A) Snow associated samples are marked with
blue diamonds and lake associated samples are marked with red diamonds. (B) Shown is the scheme for snow
associated samples with three transects. Lake samples include an additional inner transect.

Nucleic acid extraction and sequencing
DNA was extracted for 16S rRNA gene sequence, qPCR, and total genomic DNA
analysis following a cetyltrimethylammonium bromide (CTAB) method adjusted for low
biomass samples (Mitchell and Takacs-Vesbach, 2008). Briefly, 1 g of soil preserved in 1
mL of SLB was treated with 1 mL of CTAB and 20 µL each of proteinase K and
lysozyme followed by a 30-minute incubation at 60°C and addition of 200 µL of sodium
dodecyl sulphate (SDS) followed by another incubation at 60°C for 60 minutes.
Approximately 200 µL of silica beads were added for a 30 second bead beating step. The
top 1 mL of the aqueous layer was mixed with equal parts chloroform, followed by
centrifugation for 5 minutes at 12,851 rcf. The aqueous layer (1ml) was transferred to a
new tube, mixed with 0.1 volume 3 M sodium acetate, followed by 2 volumes 95%
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ethanol and precipitated overnight at -20ºC. Samples were then centrifuged at 12,851 rcf
at 4°C for 45 minutes, washed with 70% ethanol, and centrifuged for 30 minutes. Ethanol
was decanted and the DNA pellet was dried in a vacuum centrifuge and then resuspended
in 40 µL 10 mM Tris
The V4 region of the extracted DNA was amplified using the Earth Microbiome
Primers 515F (5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG GTG
YCA GCM GCC GCG GTA A-3’) and 806R (5’-GTC TCG TGG GCT CGG AGA TGT
GTA TAA GAG ACA GGG ACT CAN VGG GTW TCT AAT-3’) (Gilbert et al., 2014).
PCR was performed using the Takara master mix kit following manufacturer’s
recommended volumes of the supplied reagents. Some samples were successfully
amplified only after dilution with PCR grade water, presumably due to high salt or other
potential inhibitors. Amplified DNA was prepared for sequencing using the Nextera XT
Index Kit v2 following manufacture instructions and sequenced on the Illumina MiSeq
using the MiSeq Reagent Kit v3. Sequences were processed following the DADA2
pipeline for quality filtering and taxonomic classification (Callahan et al., 2016). Reads
were filtered to a Phred score of 20, and clustered into amplicon sequence variants
(ASVs) at 100% sequence identity using the SILVA 132 database (Callahan, 2018).
Community structure was analyzed using the R package phyloseq (McMurdie and
Holmes, 2013).

qPCR and total DNA quantification
Quantitative PCR (qPCR) was performed as described previously (Knox et al.,
2017). The universal primers Pro341F (5’-CCT ACG GGN BGC ASC AG-3’) and
Pro805R (5’-GAC TAC NVG GGT ATC TAA TCC-3’) were used to quantify the 16S
8

rRNA gene (Takahashi et al., 2014). To adjust for multiple 16S rRNA copies, DNA
sequence data was subsampled to 50,000 reads per sample and evaluated using the rRNA
operon copy number database using rrnDB Estimate (Stoddard et al., 2015), which
produces an abundance table adjusted by average copy number of the highest taxonomic
rank. Proportion of ASVs represented by multiple rRNA genes were determined, and
target copy values were adjusted.
Samples were analyzed for dsDNA concentration using a Qubit 3.0 fluorometer
with the high sensitivity assay. Cell counts were estimated from DNA concentration
assuming 6 µg DNA g-soil-1 to convert to µg microbial biomass carbon (MBC) g-soil-1
(Joergensen and Emmerling, 2006). 11 fg C cell-1 (Kepner et al., 1998; Takacs and
Priscu, 1998) and 30.2 fg C cell-1 (Fukuda et al., 1998) were both used to make carbonto-cell conversions.

Chloroform fumigation extraction
Samples were fumigated according a method previously adjusted for MDV
analysis protocol (Zeglin et al., 2009). Microbial biomass carbon (MBC) was measured
as the difference in K2SO4 extractable carbon in fumigated and control samples. 10 g of
soil was weighed into a control flask and a fumigated flask. The fumigated subsample
was treated with 4 mL ethanol free chloroform. All vials were sealed and left to incubate
at room temperature. After 18 hours, vials were opened and the chloroform was
evaporated for 24 hours, after which all samples were treated with 25 mL 0.5 M K2SO4
for one hour. The samples were filtered and extractants stored at -20°C until analysis on a
Shimadzu TOC analyzer and an organic carbon microplate assay to calculate MBC
(Bartlett and Ross, 1988).
9

Cell extraction and microscopy
Cells were extracted from soils following the protocol described by (Amalfitano
and Fazi, 2008). 1 g of soil preserved in 3 mL of 4% formalin was thawed at room
temperature. Samples were vortexed briefly, and then centrifuged at 12,851 rcf for 10
minutes, and the top 2 mL of formalin was removed. The remaining soil and 1 mL
formalin was slurried with 9 mL detergent (sodium pyrophosphate 0.1% final
concentration and Tween 80 0.5% final concentration), and vortexed for 30 minutes at
approximately 720 rpm, followed by 1 minute of sonication in a Branson 8800 Series
Ultrasonic Cleaner. Samples were incubated at 4°C for 12 hours, briefly vortexed, and
then 4 mL of Nycodenz (1.3 g/mL, filter sterilized) was immediately added under the
soil. Tubes were carefully transferred to the centrifuge and spun for 90 minutes at 12,851
rcf. The top layer, starting from just above the Nycodenz-aqueous interface, was
transferred to a new tube. A subset of samples was used to test the efficiency of a single
Nycodenz separation by performing a subsequent second and third density
centrifugation. Tubes were briefly vortexed, and spun again for 90 minutes at 12,851 rcf.
The supernatant was discarded, and the cell pellet was resuspended in 2 mL detergent and
stored at 4°C until filtration.
Extracted cells were stained and filtered as described previously (Lisle and Priscu,
2004). 500 mL of freshly made 25x SYBR gold was mixed with 2 mL extracted cell
solution and incubated at room temperature for 15 minutes. The mixture was filtered onto
0.2 µm black polycarbonate filters at 5” Hg. One drop of freshly made antifade reagent
(0.1% p-phenylenediamine, 4.5% glycerol, 4.5% PBS, 1% water) was placed on the slide
above and below the filter. The slides were frozen at -20°C in a dark box until visualized
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using a Nikon Ti inverted fluorescence microscope under 600x magnification. Photos
were taken through the entire depth profile of five randomly selected locations on the
filter. Cell counts were determined with the ImageJ software (Schneider et al., 2012).
Cells per gram were determined by averaging the sum of the entire depth profile of the
five locations and adjusted by the area of the filter and field of view. Final value was
adjusted by 9% to account for cells remaining in the soil matrix (Amalfitano and Fazi,
2008).

Statistical Analysis
Pearson’s correlation was used to test for correlations between biomass metric
and biomass metric as well as between biomass metric and edaphic measurement.
Correlations between methods were used as an indicator of the effectiveness of the
method, while correlations between methods and edaphic features were used as an
indicator of the effect of a given feature on biomass. An ANOVA of each metric against
a given edaphic feature was used to determine if there was a difference in estimated
biomass by given features. Tukey’s method was used to determine if biomass estimates
or measured edaphic features varied by basin, sample type, or transect. We tested the
coefficient of variation for estimated cell counts between each metric to determine if the
spread of estimates was comparable using the R package cvequality (Marwick and
Krishnamoorthy, 2018).
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Results
Edaphic characteristics
Soil moisture of samples collected near lakes were significantly different from
those collected near snow (p < 0.001), though transects furthest from the lake shore had
water content similar to snow transects. pH ranged from 7.58 to 9.75, with more alkaline
soils further away from the snow associated water source and closer to the water source
at the lakes. Electrical conductivity ranged from 7.87 to 9140 µS, with higher values
further from the lake shore and variable near snow. The highest conductivity values were
found in the Bonney and Vanda basins for both lake and snow samples. Soil organic
matter ranged from 0.00343 to 0.257%, and inorganic nitrogen from 0.000937 to
0.0291%. Percent nitrogen and organic carbon were higher near lakes in general, with the
highest values measured near Lake Brownworth.

Sequencing
Illumina MiSeq sequencing of the 16S rRNA gene resulted in 910,186 sequences
containing 15,006 ASVs from 57 samples after removal of chimeras and reads below a
Phred score of 20. Reads were normalized to the median sequencing depth. Chao1
richness was higher in snowpack samples than lake shore samples within the same basin
(Figure 2A). Snowpack associated samples clustered together on a Bray NMDS and lake
shore samples were more variable, though samples furthest from the lake shore (lowest
soil moisture) were more similar to snowpack samples in the same basin (Figure 2B).
Relative abundance of major phyla remained relatively consistent within sites, but varied
between basin and sample type (Figure 2C). In some cases, as a sample increased in
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A

B

C

Figure 2. Prokaryote richness and beta diversity. (A) Chao1 richness and (B) Bray NMDS, with lake samples
represented by circles and snow samples represented by triangles, and basin distinguished by color. (C) Relative
abundance of major prokaryote phyla by lake and basin.
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distance from a lake shore, it tended to look more similar to snow samples within the
same basin. Near lakes, diversity was positively correlated with pH and electrical
conductivity (R = 0.523 and 0.434), and negatively correlated with soil moisture (r = 0.362). Near snow, diversity was positively correlated with pH (r = 0.301) and negatively
correlated with soil moisture (r = -0.308) (Figure 3A).

qPCR
Cell abundance estimates using qPCR of the 16S rRNA gene ranged from
2.92x105 to 3.76x108 cells, with a mean of 9.82x107 cells g-soil-1. In snow patch
associated samples, cell numbers were negatively correlated with electrical conductivity
(r = -0.342) (Figure 3B). In extremely saline soils, qPCR was unsuccessful, and these
values were not included in the analysis.

Total DNA quantification
Cell abundance estimated from nucleic acid quantification had a range of 0 to
1.27x108 cells, with a mean of 2.46x107 cells g-soil-1. In snow patch associated samples,
cell numbers were positively correlated with pH, percent organic carbon, and C:N ratio (r
= 0.460, 0.305, 0.469), and were negatively correlated with electrical conductivity and
percent nitrogen (r = -0.448, -0.441). In lake shore associated samples, cell numbers were
positively correlated with percent nitrogen (r = 0.382) and were negatively correlated
with electrical conductivity (r = 0.381). All relationships are show in (Figure 3C).
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A

B

C

Figure 3. Pearson’s correlation of edaphic characteristics by biomass metric. (A) Chao1 richness, (B) 16S rRNA gene
copy numbers, (C) and total genomic DNA for lake (circles, solid line, red text) and snow (triangles, dotted line, blue
text) associated samples.
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D

E

F

Figure 3 cont. Pearson’s correlation of edaphic characteristics by biomass metric. (D) Chloroform fumigation via plate
reader assay, (E) chloroform fumigation via Shimadzu total carbon analyzer, (F) and direct microscopy cell counts for
lake (circles, solid line, red text) and snow (triangles, dotted line, blue text) associated samples.
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Chloroform fumigation extraction
Approximately 30% of values obtained from the Shimadzu TOC analyzer were negative
and ranged from -5.40x109 to 9.90x109 cells with a mean of 6.82x108 cells g-soil-1. 61%
of values obtained from the organic carbon microplate assay were negative and ranged
from -2.21x109 to 3.82x109 cells with a mean of -1.29x108 cells g-soil-1. The only
significant correlation was a weak positive relationship between the microplate assay and
conductivity in the snow samples (r = 0.444) (Figure 3D and 3E).

Cell extraction and microscopy
Direct counts of cells extracted from the soil matrix ranged from 0 to 2.85x108 cells gsoil-1, with a mean of 3.40x107 cells g-soil-1. Nycodenz density centrifugation was 80 to
90% efficient at removing detached cells in the first extraction (Figure 4). In snow
samples, cell numbers were positively correlated with pH and C:N ratio (r = 0.387 and
0.349), and were negatively correlated with electrical conductivity and percent nitrogen
3000
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Figure 4. Cell counts by direct microscopy following a single (First), second (Second), and third (Third) Nycodenz
extraction.
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(r = -0.448 and -0.357). In lake shore associated samples, cell numbers were positively
correlated with percent nitrogen (r = 0.326) and were negatively correlated with pH and
C:N ratio (r = -0.294 and -0.337) (Figure 3F).

Relationships among biomass metrics
Results obtained from the two instruments used to analyze CFE samples were not
correlated (r = -0.124) despite using the same extractant. Relationships between CFE
and other methods were generally weak or negative. Total genomic DNA was positively
correlated with 16S rRNA gene copies (r = 0.783, p < 0.001), as well as a positive
relationship with direct cell counts (r = 0.350, p < 0.01). 16S rRNA gene copies and
direct cell counts were not significantly correlated (Figure 5).

Figure 5. Correlation matrix between biomass estimation metrics. Pearson’s Correlation and p-value are shown, with
lakes are represented by orange points and snow represented by grey.
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Discussion
Our understanding of bacterial biomass in soils is limited by the use of methods
which are intrinsically biased towards systems with a large microbial biomass or are
well-studied. In order to understand variable climate effects on microbial populations, a
reliable method for measuring microbial biomass in a variety of environments is
invaluable. In this study, we performed a series of microbial biomass methods on soils
from the McMurdo Dry Valleys, Antarctica in order to determine an appropriate method
for low biomass systems.

Edaphic relationship to biomass
The terrestrial landscape of the MDVs is highly heterogeneous, with regional
chemical gradients and pockets of inorganic solutes. Soils in the MDVs tend to be
alkaline, with an average pH of 8.5, and higher pH near snow packs than near lake
shores. Edaphic features and patterns in this study were similar to previous reports
(Barrett et al., 2009). Bacterial richness based on Chao1 estimates was higher in snow
associated samples when compared to corresponding lake shores. We found a significant
relationship between richness and pH in this study, which is supported by previous
reports (r = 0.436, p < 0.001) (Van Horn et al., 2013). Conductivity varied by basin, and
also was positively related to bacterial richness. Conductivity and pH as predictors of
diversity indicate a link between these qualities and other community features, including
biomass. Both soil characteristics were significantly correlated with cell count estimates
obtained with total nucleic acid and direct cell counts. Biomass estimates were greater in
alkaline soils and lower in saline soils.
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In conjunction with pH and salinity extremes, water is considered to be one of the
major limiting factors in the MDVs. However, there appeared to be no correlation
between any of the measured biomass metrics with soil moisture, even between lakeshore
and snowpack populations (p > 0.05). Likewise, a study which induced wetting also did
not see a change in biomass over the course of the study, but rather a rapid shift in
community composition (Niederberger et al., 2019). In this study, biomass differences
were most often associated with basin (location) or other edaphic features. It is
convectional that in the search for extraterrestrial life, one should “follow the water”.

Comparison of methods
The biomass values estimated using the CFE method varied inconsistently with 46%
of the samples below a zero-biomass estimate. We used two widely accepted instruments
to measure organic carbon in the CFE samples: spectrophotometry and total organic
carbon analysis. The TOC measures carbon dioxide released from oxidizing organic
carbon in the samples and is regarded as the more sensitive method. Extractable carbon
values analyzed in these two ways resulted in conflicting values, with a significantly
different mean and variance from other biomass estimation methods (Figure 6A).
Because we were able to extract cells and amplify 16S rRNA genes from samples, we
know that MDV soils are not sterile and likely contain organic carbon near or below the
detection limit of the CFE method. Samples must have enough organic carbon to
produce a large difference in extractable carbon in fumigated and nonfumigated samples
or negative values result (Martens, 1995). Increasing the mass of the soil may help
circumvent the detection limit of this method. In addition, this method requires large
amounts of hazardous reagents and can potential expose the analyst to toxic fumes.
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Given that this method is so unreliable and work-intensive, we conclude that it is not an
effective or efficient method for low biomass soils or remote settings such as in the
MDVs.
A

B

Figure 6. Boxplot of cells by biomass estimation metric. (A) Shows all five estimates including negative values. (B)
With chloroform estimates removed for higher resolution. Lakes are represented by circles and snow by triangles, with
basin by color.

Bacterial cell numbers obtained by 16S rRNA gene copies, total DNA quantification, and
direct cell counts ranged from 1.95x104 to 3.76x108, though there were still samples
where cells or DNA were too low for detection by these methods (Figure 6B). Similar to
the CFE method, this does not imply that there is zero biomass in these samples; rather,
the mass of sample (1 g sample-1) may not have been enough for detection. In some
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cases, the high salinity of the soil may have contributed to detection success, as
evidenced by the need to dilute high salt samples for successful PCR amplification. Coextracts in DNA extraction can interact with nucleic acid dyes (Zhang et al., 2012) and
inhibit PCR (Schrader et al., 2012). Many DNA extraction kits can reduce inhibitors, but
at the expense of yield and diversity detected downstream (Mitchell and Takacs-Vesbach,
2008). Despite these limitations, total DNA quantification was the most high-throughput
approach, whereas the direct cell counts was the most labor-intensive.

Fryxell lake

Brownworth lake

Fryxell snow Brownworth snow

Labyrinth snow

Figure 7. Boxplots of biomass metric averages. The average of the three replicates for each biomass metric at a given
transect. Biomass metrics are represented by color.

Direct cell counts tended to result in the lowest cell abundances while 16S rRNA
gene counts were often the highest (Figure 7). Direct cell counts may have been
underestimated due to incomplete cell extraction. Methods described in (Amalfitano and
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Fazi, 2008) indicate that approximately 9-20% of cells remain attached to the soil matrix
after the Nycodenz density gradient separation. In a test to measure the efficiency of this
method, we recovered approximately 20% more cells after a second and third Nycodenz
extraction, though the soil pellet was not further analyzed for cells still attached to the
soil matrix. At the same time, quantitative PCR may overestimate individual cells in our
samples because the 16S rRNA gene is frequently found as multiple copies throughout an
individual genome, with some bacterial species having as many as 15 copies. Without
adjusting for this disparity, community composition obtained by 16S rRNA gene
sequencing would produce inflated values for higher copy number individuals. The
rrnDB and the incorporated Estimate program were developed to adjust for this
variability (Klappenbach, 2001; Stoddard et al., 2015), although no MDV genomes are
represented in this tool. Biomass estimates obtained with qPCR analysis of the 16S rRNA
gene in this study resulted in a 40 to 60% decrease after adjustment by closest relative
copy number. However, depending on a database with limited MDV contribution leaves
results up to interpretation, as copy estimates are at best an average of all nearest relative
copies and obtaining estimates of MDV gene gopy numbers is intractable.
Previous studies that quantified MDV biomass by measuring ATP concentration and
counting DAPI stained cells, yielded estimates similar to those obtained in this study
(Cowan et al., 2002; Niederberger et al., 2012). We converted our measurements to
carbon using two different estimates taken from previous reports with differing results.
For example, the means for total genomic DNA quantity and direct cell counts were
similar when using 30.2 fg C cell-1 (Fukuda et al., 1998) (p > 0.05), but 16S rRNA gene
quantity was statistically different (p < 0.05). Alternatively, the means for total genomic
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DNA quantity and 16S rRNA gene quantity were similar when using 11 fg C cell-1
(Kepner et al., 1998). However, while only the lower conversion factor was determined
from MDV cells, both conversion factors were determined in aquatic systems. There is
no current estimate of cell carbon for MDV soil communities although biomass carbon is
needed to understand the significance of bacteria in the terrestrial landscape and carbon
flux within the MDV ecosystem. Consequently, an empirically developed carbon
conversion factor should be determined for the low organic matter soils of the MDVs.
Total genomic DNA and 16S rRNA gene quantities were the most significantly
correlated methods used in this study (r = 0.783, p < 0.001). This is not surprising as
both methods are based on the same DNA extracts. However, it should be noted that no
significant trends were found between 16S rRNA gene copies and any edaphic
characteristic. The correlation between total genomic DNA quantification and direct cell
counts was also significant (r = 0.350, p < 0.01), and showed similar trends relating to a
range of edaphic characteristics. Of these, it is most interesting to note the strong negative
trend in both estimates with increased salinity and percent nitrogen as well as a positive
trend with increased pH and C:N ratio, all strongest in snow samples.

Conclusion
Quantifying prokaryotes in low biomass systems can give insight into bacterial
community changes as climate patterns become more variable. Desert systems are
predicted to be more vulnerable to climate change than temperate regions, so monitoring
and understanding microbial community flux could provide insights into how other
ecosystems will respond to environmental change. Predicted MDV shifts to a warmer and
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wetter climate could lead to population booms, as well make it more vulnerable to
introduced species (Bracegirdle et al., 2008). Overall, the biomass estimation method that
was most efficient and had the greatest correlation with edaphic factors was
spectrophotometric quantification of nucleic acid extracts using double-stranded DNA
specific dye. The development of an empirically determined carbon conversion factor for
MDV soils will enable a relatively quick and efficient biomass estimation. There is a
limited body of work using this method as a biomass metric, yet significant correlation
with the CFE method has been observed in systems with greater biomass (Joergensen
and Emmerling, 2006; Gong et al., 2021). While the CFE may not be suitable for very
low biomass systems, as determined here, modern instruments have made detecting even
low quantities of environmental DNA achievable. While the enumeration of bacterial
cells using microscopy remain the most direct method of determining biomass, soils are
difficult to assay without extracting cells from the soil matrix, which is not 100%
effective and is labor intensive. Quantitative PCR also is time-consuming, and suffers
from the intractable problem of gene copy variation among species. Of course, there may
be situations where direct counts are required to answer specific questions or quantitative
PCR of other genes may be illuminating to functional processes. Ultimately, for rapid
detection of biomass differences we recommend DNA quantification, taking the DNA
extraction efficiencies of different methods into consideration.
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